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Abstract.  With the rapidly increasing world population, the need for sustainable planning and management of 
depletable as well as renewable natural resources is greater than ever. Accurately simulating the impacts of Natural 
Resource Management decisions across multiple temporal and spatial scales under consideration of various 
indirectly related factors can significantly aid decision makers with planning for sustainability. A generic adaptive 
multi-user simulation framework is being developed to address the shortcomings of current simulation tools to 
provide for collaboration and knowledge sharing between users and across individual simulations, allowing for 
continuous improvement of the resource and knowledge base. The general infrastructure of the system has been 
implemented based on enterprise application architecture and tested successfully. It is found to be a suitable design 
to provide simulation and optimisation capabilities to third-party decision support systems. 
1. INTRODUCTION 
With the rapidly increasing world population, the need 
for sustainable planning is greater than ever. Much 
research on sustainability is already being done 
internationally at organisations, universities, and even 
corporations. There exist many simulation environments 
that can be used to determine the sustainability and 
impacts of a NRM (Natural Resource Management) 
decision, but there is no goal oriented simulation and 
optimisation tool that is specifically designed with 
collaborative sustainable planning in mind. Neither are 
there any “simulation based” decision support systems 
(DSS) that could aid farmers with sustainable crop 
production planning, the arguable most important 
sustainability issue, as agriculture represent the world’s 
single biggest source of food. A crop production DSS 
must be able to answer question such as “How can I 
maximise/ minimise/ optimise…?”, “What if…?”, “How 
much fertilizer…?”, “When should I seed/ harvest…?”, 
or “Which crops should I plant…?”. Currently most of 
these are answered using expert systems. Ideally 
however, the answers should be derived after detailed 
predictions have been made based on field-specific 
conditions, such as soil type, crop, or climate, especially 
if planning for sustainability for over 30 years ahead. 
The simulation should further consider non-field 
aspects, such as available farming equipment, local or 
national policies, projected market demand, or local 
economy etc. Given that not only crop production 
requires sustainable planning with those different 
factors, but many other areas of decision-making as 
well, it becomes feasible to develop a generic simulation 
framework aimed at supporting decision-making tools 
for sustainable planning. 
This project aims to develop a “smart” simulation 
framework designed to aid expert and non-expert users 
with sustainable planning. It must facilitate 
collaboration and knowledge sharing to support 
participatory planning, be easy to use, support 
optimisation for user specified desirable outcomes, and 
be capable of learning and continuously improving the 
quality of the information within the system. 
The rest of this paper is organised as follows. Section 2 
discusses the motivation and background of planning for 
sustainability. Section 3 describes the project’s 
simulation framework’s specific objectives and how its 
design aims to address the issues associated with 
sustainable planning, and how this differs from the 
approaches taken by other similar tools. This is followed 
by a description of the current status of the project along 
with some implementation specific details and a brief 
discussion of undertaken proof of concept studies, 
demonstrating the validity and usefulness of the system. 
The paper is concluded with a discussion of the system’s 
current limitations and planned enhancements. 
2. BACKGROUND AND MOTIVATION 
In recent times, human population growth and rising 
consumer demand are putting the world’s natural 
resource base under unprecedented pressures (Swinton 
et al., 2005, p. 15), creating competition and conflicts, 
resulting in suboptimal use of both land and land 
resources (UN Division for Sustainable Development, 
2002, §10.1). So far, increasing productivity and more 
efficient exploitation of natural resources through 
technical and scientific innovation have been able to 
equal and in some instances even to outperform those 
trends. However, already some of the world’s natural 
resources’ productive capacities are diminishing and 
will be depleted rather sooner than later. Technological 
progress has its price and in recent years natural events 
and disasters have been occurring more frequently and 
with increasing impact, magnitude and degree of 
  
destruction. Although none of these events can be 
attributed directly to any particular human intervention 
in nature, it certainly indicates that nature is not as 
“indestructible” as previously assumed, and that 
humanity must act and change, and to attempt to correct 
the human-caused imbalance of the planet’s ecosystem. 
However, in the past, “corrections” have not always had 
the desired effect, whether due to oversight, insufficient 
planning, limited resources, lack of support, or other 
problems.  
Agenda 21
1
 advocates a holistic approach using 
an integrated, ecosystem-based management to 
achieve sustainable development of the land 
resource (UN Commission on Sustainable 
Development, 2001, p. 41).  
Developing policies or planning for sustainability is a 
very complex task and no single decision maker would 
be able to make environmentally sound decision by 
him/herself. To avoid further costly mistakes and in 
order to plan sustainable successfully, sustainable 
planning has abandoned the conventional 
“departmentalised” decision-making and requires a 
more integrated and collaborative approach to prepare 
more holistic, comprehensive and integrated 
environmental impact assessments (UN Commission on 
Sustainable Development, 1996, p. 7). This means it is 
necessary to predict as accurately as possible all the 
short-and long-term effects of every significant human 
intervention in nature on its immediate and greater 
environment — natural, social, and economic. This task 
is equally complex and difficult as it is important, and 
has already sparked countless “sustainability” research 
projects worldwide, employing experts of most 
disciplines. Yet this is not enough. 
It is necessary to better integrate the research efforts, to 
collectively analyse the results, and to simplify 
communication of research outcomes to decision makers 
at all levels of sustainable planning, e.g. farmers, city 
and regional planners, or national policy makers, as well 
as providing them with the capability of predicting the 
impacts of particular decisions and actions on 
potentially affected resources under various conditions 
and across multiple temporal and spatial scales. 
Most simulation tools follow the general system’s 
approach of using inputs, models, outputs, and 
combinations of these to represent connected resources 
or processes. To predict impacts under different 
conditions, you execute the models multiple times, each 
time with different parameters. However, much of the 
evaluation of results and re-configuring of model 
parameters is still done manually by domain experts.  
                                                           
1 Agenda 21 is a comprehensive plan of action to be taken globally, 
nationally and locally by organizations of the United Nations 
System, Governments, and Major Groups in every area in which 
human impacts on the environment (Source: 
http://www.un.org/esa/sustdev/documents/agenda21, accessed: 
29/10/05). 
This works to some extent, but is inappropriate for 
sustainable planning. Firstly, over the past years a trend 
has emerged to move away from merely relying on 
“experts” and to increasingly involve grassroots, shifting 
to what is often referred to as collaborative or 
participatory planning (UN Commission on Sustainable 
Development, 1996; Swinton et al., 2005). Secondly, it 
is infeasible for “holistic” sustainable planning as the 
amount of resources to be managed and evaluated would 
overwhelm even the largest team of experts.  
A simulation tool suitable for holistic sustainable 
planning must therefore reduce the inherent complexity 
by itself controlling as much of the simulation process 
as possible, only requiring human input for decisions 
that it cannot yet make, employing an interface that is 
easy to use and maintain. More specifically, the system 
should be able to autonomously and seamlessly integrate 
models, data sources (resources), and user-specified 
objectives and constraints. It must also promote 
collaboration and knowledge sharing among its users, 
thus creating an efficient and effective way to support 
participatory planning. For this to work, such tool must 
be designed for multiple users of the same data. 
Furthermore, it should support conventional as well as 
“smart” simulation techniques, and exhibit learning 
capabilities to improve its decision making capacity 
over time. 
3. METHODS 
The framework’s core simulation engine is based on the 
concept of Discrete Event Simulation (DEVS), adapted 
to work in a multi-user environment. The system’s other 
key requirements of seamless integration, learning 
capabilities, and recursive simulation are mostly 
transparent to the actual simulation, to make the system 
more flexible yet robust. 
 
Figure 1: Conceptual Design of Architecture 
The simulation framework will serve as the back-end, 
utilising its data warehousing, simulation and 
optimisation capabilities, for other, more specific 
applications, such as a decision support system for crop 
producers (see Fig. 1). Thus, it cannot be designed as a 
standard stand-alone simulation application, but rather 
with the infrastructure of a middle-tier application 
following principles
2
 found in the design of enterprise 
                                                           
2 Core guiding principles for enterprise application frameworks for 
SOA include: Should be driven by requirements; Should be simple 
to use; should be standards-based and pattern-driven; Should be 
  
application based on Service-Oriented Architecture 
(SOA) concepts.  
Summary of objectives and requirements:  
• provide for seamless integration of models, data 
sources, and user-specified objectives and 
constraints, 
• exhibit learning capabilities (e.g. through genetic 
algorithms (GA) or neural nets), 
• support existing simulation techniques, including 
Recursive Simulation, Cellular Automata (CA), 
Multi-Agent System (MAS), and Discrete Event 
Simulation (DEVS), 
• have native support for multi-constraint multi-
objective optimisation, and 
• support multiple and concurrent users to improve 
collaboration. 
3.1 Participatory Planning 
Other projects with similar objectives are largely single 
user and single use applications, meaning, simulation 
runs are effectively independent of each other. This 
prevents or hinders the reuse and sharing of simulation 
results, therefore making inefficient use of available 
resources, and more importantly, wasting valuable 
information and gained knowledge. The simulation 
framework is being developed to address these 
shortcomings. 
The motivation behind enabling the system for 
collaboration among its users, i.e. making the system 
multi-user capable, is two-fold. Firstly, it is assumed 
that many simulation scenarios (=sessions) are so 
complex that it would require experts from different 
fields to analyse the results or to make decisions at 
various stages throughout the simulation. Therefore, 
having different experts formally associated with a 
session (=participants) will reduce manual management 
overhead, as the system itself will know whom to 
contact for a particular decision by comparing the 
decision context against the participants’ specified fields 
of expertise (see Fig. 2).  
The second reason for multi-user support is that of 
knowledge sharing. Recording which user made which 
decisions under what circumstances allows the system 
over time to identify patterns and preference. While it 
may not be possible to publicly share this knowledge for 
reasons of privacy, intellectual property etc., it could be 
used for training autonomous decision-making agents to 
reduce user involvement, and to give better 
recommendations to the user, e.g. “under similar 
conditions x% of the users made decision A and y% 
                                                                                           
practical; Should not become outdated quickly; Should reuse 
anything existing instead of building it again. (Source: 
http://today.java.net/pub/a/today/2005/04/28/soadesign.html, 
accessed: 03/07/06) 
made decision B”. Alternatively, the system might give 
a recommendation opposing the most popular decisions. 
For example, if multiple farmers in the same county 
have previously made the same decision, e.g. chosen the 
same crop for the same season, and the system has 
identified this pattern, it can autonomously start a 
simulation to predict the potential outcome of this 
pattern. In this instance, it might lead to a low market 
price of that particular crop and thus a lower profit for 
the farmer, making the originally recommendation less 
economically sustainable. Had the farmers known that 
they all have chosen the same crop, they might have 
made a different decision. Knowledge sharing can 
prevent this by adapting to changes and patterns, and 
adjusting the system’s recommendations accordingly. 
 
Figure 2: Support for participatory planning 
Due to fact that multiple users of varying degrees of 
data processing expertise are expected to be using the 
system, is necessary to ensure a high level of usability 
with most of the system’s complexity hidden from the 
average user. 
The integration of the different components of the 
framework should require as little user-involvement as 
possible at all stages of the simulation — setting up the 
scenario, finding and acquiring the necessary resources 
and models, running the simulation, and evaluating the 
results. Most simulation tools require the user to 
perform some sort of programming (e.g. SME
3
, 
PCRaster
4
) or visually define what and how they would 
like to have something simulated (e.g. Powersim
5
, 
Simulink®
6
, Simile
7
). Others are simpler and allow the 
user to define scenarios (e.g. CommunityViz™
8
, 
Envision MetroQuest
9
). This simulation framework will 
further simplify the process, by utilising outcome-driven 
scenario formulation. For example, the user only 
specifies that the Soil Organic Carbon (SOC) content of 
the field should be optimised for sustainable farm 
management (see Fig. 3). With little provided 
information, the system should know that in this 
instance, “optimising” means maximising the SOC 
percentage of the field’s top soil. This can be achieved 
by optimising the various methods of managing the 
field, the crop, the crop rotation, the fertiliser etc. Such 
knowledge is implicitly stored within the algorithms of 
the models collectively representing the field, which 
may include models for plant growth, carbon 
sequestration, hydration etc. 
                                                           
3 Spatial Modeling Environment http://www.uvm.edu/giee/SME3 
4 PCRaster Environ. Modelling language http://pcraster.geo.uu.nl 
5 Powersim Software http://www.powersim.com 
6 Simulink® http://www.mathworks.com/products/simulink 
7 Simile http://www.simulistics.com 
8 CommunityViz™ http://www.communityviz.com 
9 Envision MetroQuest http://www.envisiontools.com 
  
 
Figure 3: Scenario Setup - Scheduling of Events  
To further ensure usability and maintainability of the 
system, it is designed with non-experts (i.e. not 
information processing or simulation experts) in minds. 
The system can be controlled via an intuitive web-based 
user interface, whilst providing advanced users with 
customisable report templates and fully script-able 
business rules to fine-tune the simulation engine for 
their specific simulation requirements at run-time. 
3.2 Backcasting 
Defining the outcome (what to achieve) and then letting 
the system work out the “how” not only makes sense 
from a usability point of view (see 3.1), but it actually 
matches the concept of backcasting, one of the core 
principles behind sustainable planning. Backcasting is a 
methodology for planning under uncertainty (Dortmans, 
2005, p. 277) that is particularly helpful when problems 
at hand are complex and when present trends are part of 
the problems. When applied in the context of planning 
towards sustainability, backcasting can increase the 
likelihood of handling the ecologically complex issues 
in a systematic and coordinated way. More formally, 
backcasting is “[a] process whereby a plan of action is 
developed by assessing the present situation, visioning a 
desired future, and then developing a set of strategies to 
move from the present position to the desired future” 
(Source: http://www.cier.ca/glossary.html). This is 
similar to the 4-step process conceptualised by The 
Natural Step (TNS), an international organisation 
aiming “to develop and share a common framework 
composed of easily understood, scientifically based 
principles that can serve as a compass to guide society 
toward a just and sustainable future” (Source: 
http://www.naturalstep.org). This concept sounds simple 
enough in theory, however, modelling such “goal-
oriented land-use change dynamics evolving in an open 
environment is still an unexplored frontier” (Couclelis, 
2005, p. 1368). 
3.2.1 Outcome-driven scenario formulation, 
Backcasting and 5GL  
As mentioned previously, some simulation tools (e.g. 
SME, PCRaster) require the user to perform some sort 
of procedural programming to control the simulator or 
to use a graphical interface (e.g. Powersim, Simulink®, 
Simile) to specify inputs, models, outputs, and filters 
etc. Although the latter greatly simplifies the process, it 
is still considered a third (3GL) or fourth-generation 
programming language (4GL). 4GL no longer requires 
the programmer to write low-level algorithms, but ”non-
procedural, high-level specification”
10
 (e.g. ABAP, 
SQL, Windows Forms Editor etc.). However, using 3GL 
or even 4GL for creating simulation scenarios for 
comprehensive, integrated, sustainable planning 
significantly increases the system’s learning curve and 
effectively limits the use of the system to expert users. 
Therefore, the majority of the simulation framework’s 
user interaction merely consists of specifying constraints 
and desired outcomes (cf. backcasting), while relying on 
the system to do the rest. This is the approach taken by 
fifth-generation programming languages: 
A fifth-generation programming language 
(abbreviated 5GL) is a programming language 
based around solving problems using constraints 
given to the program, rather than using an 
algorithm written by a programmer
11
. 
5GL heavily relies on built-in knowledge bases and 
Artificial Intelligence (A.I.) techniques. For those to 
work in a simulator, they need to know as much as 
possible about the system’s components (resources, 
models etc.). It is therefore necessary to semantically 
describe each component sufficiently with metadata to 
allow for automatic discovery and matching of 
compatible components. 
3.2.2 Optimisation 
The framework’s intended ability to optimise has not yet 
been fully implemented, but it is planned to use 
recursive simulation to explore different options at each 
decision point, and to store a reliability or certainty 
value for each decision “branch” (see Fig. 4). Instead of 
just storing the most certain path, the system will store 
all branches (with a certainty value above a given 
threshold) in the form of a meta-data heavy hierarchical 
log, thus allowing the user to back track and inspect the 
decision context as well as providing the user with the 
option to choose from any of the other alternative 
branches, in case the most optimal path (of decisions) is 
sub-optimal to implement in real-life, or to change the 
decision parameters at any given decision point. If the 
changes result is a different path the system will 
automatically re-evaluate the sub-branches. 
 
Figure 4: Hierarchical log of all simulated options 
Because this simulation framework is designed to be 
generic, it must be possible to restrict or constrain the 
optimisation in some way. Optimisation of certain 
                                                           
10 Source: http://en.wikipedia.org/wiki/Fourth-generation 
programming language, accessed: 03/07/06 
11 Source: http://en.wikipedia.org/wiki/Fifth-generation 
programming_language, accessed: 03/07/06 
  
parameters can be denied completely or limited by 
placing conditions on the models’ mutable inputs and 
parameters. 
3.3 Implementation & Architecture 
The simulation framework has been designed as a server 
application according to enterprise system design 
patterns and object oriented design guidelines, exposing 
its functionality via well-defined interfaces. The 
framework is developed in Java Standard Edition 6 and 
Java Enterprise Edition 5 for deployment on EJB 3.0 
capable java application servers (e.g. Glass-Fish a.k.a. 
Sun Java System Application Server 9.0; Open Source 
Java EE 5 reference implementation). The Java 
language was chosen as it seems to be the most popular 
choice for Decision Support Systems and Enterprise 
Applications and because Java Enterprise Application 
Servers have proven to be mature, scalable, optimised 
for multi CPU support through multi-threading and 
distributed computation. The project has recently been 
upgraded to use Java SE 6, due to its built-in support of 
scripting, allowing the use of scriptable business rules 
(see 3.1). 
Despite a very generic design and great extensibility 
(i.e. modularity) the system’s implementation attempts 
to retain an efficient use of resources where possible to 
minimise data transfer and computation. This has been 
achieved through caching, compression, pooled objects, 
and other techniques, all of which are of great benefit 
when dealing with high data volumes, e.g. high-
dimensional or object-oriented grid data. 
Much attention has also been paid to the quality and 
correctness of simulation results through proof of 
concept and case studies at various stages of the 
implementation. 
After initial tests with scalar resources and an interest 
bearing savings bank account scenario to test that all the 
framework’s basic capabilities have been successful, 
development has continued with implementing support 
for spatial data (e.g. features, grids, coverages, paths). 
Due to the targeted farming application, the first spatial 
data type to be supported is grid data, explicitly 
optimised for the use by Cellular Automata (CA) 
simulation. Due to the object-oriented design, unlike 
most other CA systems, grid cells can contain any data 
type11 . The user or model however only ever has 
access to a GridResource object that can be queried to 
return a GridCellSet, but never the underlying Grid. 
This allows for a greater level of encapsulation and the 
ability of GridCellSets to span several Grids that can be 
replaced or added, or whose coverage can be modified 
on the fly, without placing any burden on the data 
consumer (e.g. CA) or the user even knowing that parts 
of the cell set might be physically located elsewhere.  
Additional implementation specific issues such as the 
use of Open Source software where possible, or the 
need for a native XML database will subject of other 
papers.  
The basic infrastructure of the simulation framework has 
been implemented. The following has been tested 
successfully and found to be a suitable and feasible 
approach for achieving the project’s objectives: 
• Web and Telnet based administration with multi-
user support, user authentication and authorization 
• Controlling the simulator via the web and telnet 
interfaces, and scheduled “control tasks” 
• Scheduling, Reporting, Controlling and Real-time 
monitoring of simulation sessions 
• Locating, Reading and Updating of Resources 
(Scalar and Grid-based) 
• Autonomous Locating (via meta-data), Initialising 
and Processing of Models 
• Autonomous On-Demand Simulation of unavailable 
but generate-able Resources 
To test the system’s suitability as a generic framework 
for CA simulation, a Grid with random boolean values 
has been generated and registered in the repository as a 
new GridResource along with its coverage and 
timestamp. Requests to report the values in the grid at a 
later time will trigger the simulator to find a model 
suitable for this resource. In this case the GameOfLife 
model has been identified
12
 by the ModelManager, 
which is consequently loaded, initialised and repeatedly 
processed until the required timestamp has been 
reached. As part of the reporting task the simulator 
generates an image representing the Grid at each step, 
and finally combines the image sequence in a video or 
animated SVG file, which can later be downloaded off 
the simulation server by any user registered as a 
participant with the simulation session (see 3.1). 
Depending on the configuration the intermediate data 
generated by the GameOfLife CA model can either be 
stored back in the system or discarded, only leaving the 
report and the final result.  
This process is completely autonomous, and would only 
require user input when a required model parameter, e.g. 
CA Neighbourhood pattern, is not available. The test 
case might be simple and could have been simulated 
much simpler in a specialised system, however it 
provides an easy to follow example how it can be done 
in a completely generic system, capable of handling any 
kind of resource of any kind of data type generated by 
any kind of model. 
4. CONCLUSION AND FUTURE WORK 
Predicting environmental, social, and economical 
impacts for sustainable planning is a complex and 
challenging task. The simulation framework presented 
in this paper has been designed to solve this problem. 
                                                           
12 Any data type to be stored in the system must implement the 
DataType interface, which requires the data type to implement 
methods for de/serialising itself from and to XML and binary data 
streams 
  
The framework is different to existing commercially or 
freely available simulation tools in a number of aspects. 
It is very generic and easy to extend. It can theoretically 
handle data sources of all formats, based on enterprise 
application architecture, and most importantly support 
collaboration and knowledge sharing between users as 
well as simulations. It has been demonstrated that the 
basic simulation system and resource acquisition works 
as required. It is therefore believed that the design of 
this system is a promising attempt to simplify simulation 
for collaborative sustainable planning, and make it more 
accessible to non-expert users. 
The decision to base the system on enterprise 
application architecture, e.g. Java EE 5, seems to have 
been a good one. Although this has forced the design to 
be even more abstract, having the mature Java enterprise 
platform at the project’s core will allow for more 
sophisticated distributed computation and much simpler 
integration with web-based 3rd-party applications and 
web services. 
The simulation framework is not yet capable of handling 
spatial data other than Grids, however these as well as a 
further improved interface, the ability to optimise 
through the use of Recursive Simulation and other 
features are planned for the next version of the system, 
including support of common scientific data formats, 
such as NetCDF, OPeNDAP and HDF5, to simplify 
utilisation of existing data sources and access to online 
data portals. 
Finally, a crop production planning support system 
(PSS) utilising and showcasing the simulation 
framework is to be implemented and tested against 
current similar commercial systems. The primary test 
data set contains soil and climate data of 1,050 US 
counties within the North Central Region. This data set 
has been cleaned which means the simulation 
framework does not have to deal with the issue of 
inherent data uncertainty in sustainable crop production. 
Using this data set and the SOCRATES carbon 
sequestration model, three scenarios of increasing 
complexity have been identified. 
To further demonstrate the versatility and capacity of 
the system to effectively handle a variety of different 
types of data, a property value forecasting case study 
will also be part of the project’s evaluation. 
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